Gene conversion between paralogs can alter their patterns of sequence identity, thus obscuring their evolutionary relationships and affecting their propensity to sponsor genomic rearrangements. The details of this important process are poorly understood in the human genome because allelic diversity complicates the interpretation of inter-paralog sequence differences. Here we exploit the haploid nature of the Y chromosome, which obviates complicating interallelic processes, together with its known phylogeny, to understand the dynamics of conversion between two directly repeated HERVs flanking the 780-kb AZFa region on Yq. Sequence analysis of a 787-bp segment of each of the HERVs in 36 Y chromosomes revealed one of the highest nucleotide diversities in the human genome, and evidence of a complex patchwork of highly directional gene conversion events. The rate of proximal-to-distal conversion events was estimated as 2.4 x 10 -4 -1.2 x 10 -3 per generation (3.9 x 10 -7 -1.9 x 10 -6 per base per generation), and the distal-to-proximal rate as about one twentieth of this. Minimum observed conversion tract lengths ranged from 1-158 bp, and maximum lengths from 19-1365 bp, with an estimated mean of 31 bp. Analysis of great ape homologs shows that conversion in this hotspot has a deep evolutionary history.
INTRODUCTION
Recent analysis of the human genome sequence has revealed the extraordinary prevalence of segmental duplications, or paralogs. These highly similar non-allelic sequences make up 5.2% of the genome (Bailey et al. 2002) , providing plentiful substrates for non-allelic homologous recombination (NAHR) . NAHR leads to rearrangements, including a pathogenic subset involving gene disruption through inversion, or gene copy number alteration through deletion or duplication (reviewed by Lupski 1998) .
Homologous recombination is initiated via strand invasion, and can be resolved not only through crossovers, but also through gene conversion, the non-reciprocal transfer of genetic information between homologous sequences. Gene conversion is a fundamental process of molecular evolution, and has been most intensively studied in yeast, where all four haploid products of meiosis can be readily examined within tetrads. It is less well understood in humans, because meiotic segregation means that only one product is ever observed, and therefore non-reciprocal transfer (conversion) cannot be formally distinguished from reciprocal transfer (double crossover).
Gene conversion between paralogs located on the same chromosome can have two effects: first, within a chromosome it can act as a homogenizing force, increasing lengths of identity between duplicated sequences (concerted evolution), and thus providing a more readily utilized substrate for NAHR.
Second, because different conversion events occur in different chromosomes, 5 it can generate excess sequence diversity among them -a phenomenon recognized in organisms as diverse as humans, flies and protozoans (Giordano et al. 1997; King 1998; Nielsen et al. 2003) . In principle, the dynamics of these processes can be inferred by comparative sequencing of paralogs in different individuals, but in most of the genome such studies are difficult to interpret because of sequence diversity between alleles of paralogs, and because the underlying evolutionary relationships between different paralog copies are unknown. Neither of these problems applies to the Y chromosome. Because it is haploid, we do not need to consider interallelic diversity; because there is no crossing over, paralogs cannot have independent evolutionary histories; and because there is an established phylogeny based on binary markers, we know the precise evolutionary relationships of chromosomes belonging to different lineages. The Y chromosome therefore provides a useful model to study gene conversion between paralogs.
Two human endogenous retroviral sequences (HERVs) flank a 780-kb region on Yq containing at least one gene required in spermatogenesis ( Fig.   1A ). Non-allelic homologous recombination between these direct paralogous repeats causes AZFa (azoospermia factor a) deletions (Blanco et al. 2000; Kamp et al. 2000; Sun et al. 2000) , and consequently male infertility; the reciprocal duplications have also been observed (Bosch and Jobling 2003) . While the overall sequence similarity between the HERVs is 94%, deletion and 6 duplication breakpoints are restricted to segments of complete sequence identity, known as blocks A, B and C (Fig. 1A) .
In a previous study of AZFa duplications (Bosch and Jobling 2003) , we identified two examples of apparent gene conversion within a segment lying between the identity block A and a shorter block of identity, D (here referred to as inter-AD). A segment of the proximal HERV, of between 36 and 72 bp, was converted by the distal HERV, and chromosomes carrying this conversion were monophyletic in the Y phylogeny, being found only in haplogroup R1b (Fig. 1C) . A second apparent conversion in a single chromosome was also identified; in this example the transfer was proximalto-distal, and involved two paralogous sequence variants (PSVs) adjacent to a large tract of inter-HERV identity. Its length is therefore very uncertain (between 5 and 1289 bp), since one end could lie anywhere within the large tract of identity.
Two other apparently non-reciprocal exchanges between the HERVs have been described (Blanco et al. 2000) , and each represents a monophyletic group of chromosomes (haplogroups D2 and J; Fig. 1C ). These two independent events involve the transfer of ~5 kb of sequence, lying between identity blocks A and B, from the proximal to the distal HERV, in the process removing the distal-specific 1.5-kb insertion of L1 material (Fig. 1B) . These events are regarded as double crossovers rather than gene conversions, because the transferred segment is so large, and because the stretch of 7 complete heterology represented by the L1 fragment is likely to disrupt branch migration.
Here, prompted by the evidence for gene conversion within the inter-AD segment, we investigate further the sequence diversity of the AZFa HERVs in this region. We identify a hotspot for gene conversion of biased directionality, estimate the rate of conversion and the mean conversion tract length using the framework of the Y phylogeny, and, by analyzing the sequences of great ape homologs, show that conversion in this hotspot has a deep evolutionary history.
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RESULTS
Sequence diversity of proximal and distal inter-AD regions
We determined the sequence of the 787-bp inter-AD region in proximal and distal HERVs from 33 human Y chromosomes, chosen for their wide coverage of the Y phylogeny. These sequences, together with three previously published examples (Bosch and Jobling 2003) , were compared to the database reference sequence, which contains 24 differences between proximal and distal HERVs (PSVs) comprising 22 base substitutions and 2 single-base indels within the inter-AD segment (Fig. 2) . The new sequences reveal no new PSVs; the reference sequence contains all the 24 PSVs observed between the proximal and distal inter-AD sequences in our sample.
We first consider the diversity of the proximal inter-AD sequences. All six sequences within haplogroup R1b show the distal-to-proximal conversion of four adjacent PSVs (PSV 3-6) described previously (Bosch and Jobling 2003) . Two chromosomes within haplogroup J have a deletion of 13 bp between PSVs 18 and 19. All other proximal inter-AD sequences are identical to the reference sequence.
The distal inter-AD sequences present a very different picture. The 36 different chromosomes possess 14 distinct sequences. The two distal sequences within haplogroup D2 are identical to the proximal sequences, reflecting the known double-crossover event transferring ~5 kb from the proximal to the distal HERV (Blanco et al. 2000) . Likewise, the independent 9 double-crossover event within haplogroup J is reflected by the identity of the proximal and distal sequences in the two chromosomes belonging to this haplogroup, including the proximal-to-distal transfer of the 13-bp deletion.
We do not consider these four sequences further here, since the absence of PSVs makes them uninformative.
The remaining distal inter-AD sequences are highly diverse: nucleotide diversity (π• for the distal sequences is 5.44 x 10 -3 , compared with a value for the proximal sequences of 1.60 x 10 -3 . It is difficult to make a fair comparison of this value with published estimates of π for the Y chromosome, since we ascertained our samples non-randomly. However, as far as correspondences can be drawn, the published survey of Shen et al. (2000) covers a similar range of diversity to our sample, including chromosomes belonging to all top-level clades in the Y phylogeny with the possible exceptions of F*, H, K*, L, N and P*. That study found an average nucleotide diversity for non-coding regions of only 9.9 x 10 -5 . Typical values of nucleotide diversity for autosomal sequences range from 5.3 to 8.8 x 10 -4 (Fullerton et al. 2000; Yu et al. 2001; Zhao et al. 2000) . The high diversity we observe in distal inter-AD sequences is manifested as a patchy pattern of proximal-like PSVs among the distal PSVs; their total number ranges from a single PSV (e.g. m348) to thirteen (m230). Strikingly, 19 of the 24 PSVs are found to be polymorphic among the distal inter-AD sequences, whereas none of the 723 non-PSV sites are polymorphic. 10 The overall pattern of sequence variation is not concordant with the known Y phylogeny. There are some examples of chromosomes lying within the same haplogroup of the phylogeny that share identical or closely related patterns of proximal-like PSVs (e.g. m230 and YCC23 within haplogroup C).
Also, it could be argued that PSV 6 arose as a T to C substitution at the root of the clade Y(xA,B). However, there are other cases in which PSVs appear in distinct haplogroups in a way that cannot be explained by common descent.
An example is PSV 18, which in the distal HERV reference sequence is an A, but is a G in several independent haplogroups, and therefore displays homoplasy (apparent recurrent mutation).
What mechanism has generated this sequence diversity? In principle there are four possibilities. (1) Recombination among Y chromosomes: this could occur under special circumstances, such as between a segment of Y chromosome from one haplogroup carried as a translocation on a non-Ychromosome, and a free Y chromosome from another haplogroup (Jobling and Tyler-Smith 2003) . However, this has yet to be observed, and it seems unlikely that such an inherently rare event would have occurred multiple times within a small segment of DNA. (2) Base mutation: this can be rejected because all changes in the distal HERV affect only the PSVs, resulting in sequence states found in the proximal HERV, and because sequence differences often affect contiguous sets of PSVs (e.g. YCC33, YCC5). (3) Redeletion of AZFa duplication chromosomes: these (Bosch and Jobling 2003) contain three HERVs rather than two (see Fig. 1A ), and could undergo 11 deletion to generate HERVs containing a patchwork of distal-and proximalspecific PSVs, provided that the breakpoints of the original duplication and subsequent redeletion were different. However, given the restriction of known deletion and duplication breakpoints to the A and B/C blocks of absolute sequence identity, we do not consider that this mechanism provides a viable explanation. (4) Gene conversion: this remains the most parsimonious explanation for the observed pattern of sequence diversity.
Number and rate of gene conversion events
Clearly, the gene conversion events are directional, in that there are many more conversions of PSVs within distal inter-AD sequences to proximal-like states than vice versa. We see only one example of distal-toproximal conversion (in haplogroup R1b). The number of proximal-to-distal events can be counted by considering the phylogeny -where two or more chromosomes within a haplogroup have the same pattern of proximal-todistal conversion, we regard it as being due to common ancestry rather than to independent events. We also make the simplifying assumptions that each contiguous tract represents a single event, that the reference sequence can be regarded as ancestral (because it contains all 24 PSVs), and that a change at a single PSV represents a gene conversion event, rather than a base mutation, on the basis of arguments given above. In this way we identify a minimum of 12 To estimate the rate of conversion, we need to know the total amount of time during which the events have occurred (see Supplementary Figure) .
We can place lower and upper bounds on this by estimating the maximum and minimum plausible elapsed time since all the chromosomes analyzed (neglecting those in haplogroups D2 and J) had a common ancestor. First, we consider the lower rate bound. The 32 chromosomes belong to 10 distinct upper-level haplogroups in the Y chromosome phylogeny. TMRCA for each of these haplogroups has been estimated by coalescent analysis (Hammer and Zegura 2002) , so to relate these 10 sets of chromosomes we take the upper bound on each of these haplogroup ages ( Fig. 3) . For chromosomes within a haplogroup, we then assume a star-like genealogy; this represents an overestimate of the intra-haplogroup TMRCAs, and is conservative in neglecting more recent common ancestry. For a generation time of 25 years, this process yields a maximum total elapsed time of 90,274 generations. To estimate the minimum time in which the conversions could have occurred, we first consider the lower bounds on the published TMRCAs (Hammer and Zegura 2002) for the haplogroups shown in Fig. 3 , and then, to minimize time within-haplogroup, make the reductio ad absurdum assumption that each set of chromosomes within a haplogroup descends from a common ancestor only one generation ago. The minimum summed time is then 18,686 generations.
These minimum and maximum times are highly conservative, and are therefore highly likely to bracket the actual elapsed time. Twenty-two proximal-to-distal gene conversion events occurring over 18, 686 -90,274 generations represents an average rate of between 2.4 x 10 -4 and 1.2 x 10 -3 13 events per generation. By the same argument, the average rate of distal-toproximal conversion is between 1.1 x 10 -5 and 5.3 x 10 -5 , roughly 20-fold lower than conversion in the opposing direction. The overall gene conversion rate between these sequences is the sum of the individual estimates for each direction -between 2.5 x 10 -4 and 1.3 x 10 -3 events per generation.
The position and directional bias of this hotspot may be due to specific features of the DNA sequence -for example, a recombination signal specific to the proximal segment may make it active as an initiator and donor sequence. We searched the inter-AD segment and adjacent parts of the A and D identity blocks for consensus binding sites for proteins involved in recombination, and for motifs associated with recombination hotspots, with negative results. Figure 3 gives the maximum and minimum lengths of the observed conversion tracts: they are highly non-uniform. The observed (minimum) length of a conversion tract is the distance encompassing the outermost converted PSVs, but will tend to underestimate the true tract length because of the uninformativeness of flanking sites. The relationship between observed and true lengths depends on the frequency of PSVs, and also on the true tract length distribution. To derive a maximum likelihood estimate of the mean true tract length, we use a modified version of the method of Betrán et al. (1997) , assuming a geometric distribution of underlying tract lengths. The 14 standard version of this method considers a gene conversion event to have occurred if at least two variant sites have been converted; single-site events are rejected, because they could result from base mutation. Abiding by this restriction would give a maximum likelihood estimate of the mean true tract length of 62 bp. From the arguments made above, however, we consider single-site events to represent conversion, yielding a mean length of 31 bp.
Tract length of gene conversion events
While we abide by convention in estimating this mean length, it is worth noting that recent work on allelic gene conversion in meiotic recombination hotspots (Jeffreys and May 2004) showed that the dual uncertainties over tract position and length resulting from uneven marker spacing meant that the observed tract lengths were compatible with a range of mean lengths (maximum likelihood estimates ranging from 63-200 bp), under many different models.
A deeper history of gene conversion in the inter-AD segment
To ask whether this dynamic conversion process is evolutionarily conserved, we analyzed the sequence of proximal and distal inter-AD segments in a chimpanzee and a gorilla, and compared these to the human reference sequence; note that the latter contains the greatest number of human PSVs, and that the intra-specific diversity of the great ape sequences is unknown. Table 1 shows sequence divergences between the species for proximal and distal segments; all divergences except one (proximal inter-AD between human and chimpanzee) are significantly elevated over a control non-coding sequence from the SMCY gene region (Chen and Li 2001; Shen et 15 al. 2000) . This unusually high divergence between all three species suggests that gene conversion in the inter-AD segment has a deep evolutionary history: if conversion elevates sequence diversity within a species, it can also be expected to elevate sequence divergence between species. The observation that the proximal inter-AD human-chimp comparison is not elevated could be explained if conversion in chimpanzees, as in humans, was directional.
If gene conversion has been evolutionarily persistent, we expect to see clustering of paralogs, rather than orthologs, in interspecific comparisonsevidence of concerted evolution. In a phylogenetic network produced by split decomposition (Fig. 4A) this is exactly what we observe. Clustering is especially tight for the chimpanzee sequences, suggesting that conversion has been particularly active in chimpanzees. The presence of reticulations within the network (i.e. the absence of a completely tree-like structure) shows that gene conversion has not completely eradicated evidence of the orthologous relationships, though it has resulted in a paucity of PSVs shared between species. The chimpanzee sequences contain 10 PSVs, and the gorilla sequences contain 21; however, the chimpanzee shares no PSVs with either of the other species, and only three PSVs are shared between human and gorilla.
The sequence states of these three human-gorilla shared PSVs indicate that (as suggested above) the directionality of the conversion in the chimpanzee sequences at these sites has been proximal-to-distal. A further reflection of historical gene conversion is the phylogenetic incompatibility seen among the 21 sites that are not PSVs within any species but differ between species (Fig.   16 4B). Phylogenetic relationships favoring all three possible sister-clades can be seen at sites scattered along the inter-AD segment -12 sites favor a humanchimpanzee grouping, 6 favor human-gorilla, and 3 favor gorilla-chimpanzee.
DISCUSSION
We have demonstrated the existence of a rapid and directional gene conversion process acting between the paralogous AZFa-HERV repeats, and resulting in a hotspot of gene conversion in the distal inter-AD segment. How well delineated is this hotspot? Immediately proximal to inter-AD lies block A, 1285 bp of sequence that is identical between the proximal and distal HERVs. Gene conversion may be going on within this segment, but would be undetectable because of the absence of PSVs. Six gene conversion events include PSV 1, adjacent to block A, and so have one endpoint within the identity block; the remaining 16 are contained within inter-AD. We observe a declining frequency of gene conversion events towards the distal end of inter-AD, with the distal-most five PSVs undergoing no conversions at all in our sample, thus marking the distal limit of the hotspot more clearly.
There is no evidence to suggest that high frequency conversion processes are operating elsewhere within the HERVs. Proximal to identity block A, and distal to the 330-bp block D, the level of sequence similarity between the HERVs declines dramatically, to a degree that is expected to preclude conversion (Lukacsovich and Waldman 1999) . Additional sequence data also suggest that conversion cannot be occurring frequently outside the inter-AD segment: in our study of AZFa duplications (Bosch and Jobling 2003) we described the sequence of a 3360-bp segment from distal and proximal HERVs for three chromosomes (case 1, case 2, and YCC26) belonging to haplogroups R1b*, R1b6 and R1b(xR1b6,R1b8). All distal sequences were identical to each other, except for conversions within inter-AD, and all proximal sequences were completely identical to each other. The partial sequence of a 9-kb segment from the distal HERV for two chromosomes belonging to haplogroups J and D2 has also been described (Blanco et al. 2000) . Apart from the 13-bp deletion within inter-AD in haplogroup J (Fig. 2) , the two sequences were identical. This general absence of variation suggests that detectable gene conversion between the HERVs is indeed confined to the inter-AD segment.
Comparisons of inter-AD sequences between human, chimpanzee and
gorilla indicate that this hotspot is not evolutionarily transient, but has been active in all three lineages since their descent from a common ancestor 6-9 million years ago. Furthermore, the patterns of interspecific sequence divergence between proximal and distal sequences, together with the sequence states of PSVs, indicate that the proximal-to-distal directionality of the conversion process has also been conserved between the human and chimpanzee lineages.
Previously, indirect evidence for interallelic gene conversion in humans has emerged from observations of lower than expected linkage disequilibrium between closely spaced markers (Ardlie et al. 2001; Frisse et al. 2001 ). The ratio of conversion to crossover was calculated as 7.3 (Frisse et al. 2001 ), but this was under a model in which tract length was assumed to be 500 bp. Recent direct analysis of interallelic conversion in sperm DNA within 19 three human meiotic recombination hotspots (Jeffreys and May 2004 ) reveals short (maximum likelihood mean length 63-200 bp) conversion tracts centered at the peak of crossover activity. At the most intensively studied hotspot, conversion predominates over crossover at a ratio of ~4-15:1; if this were applicable to inter-paralog conversion in the inter-AD segment (extrapolating from the central value of our mean overall deduced conversion rate, 7.8 x 10 -4 ) we would expect deletion and duplication breakpoints to occur within the inter-AD segment at a frequency of approximately 5 x 10 -5 to 2 x 10 -4 per generation. Note, however, that when mean tract length is small, many gene conversion events are unobserved; our rates do not consider these, and therefore represent minimal estimates. Ascertainment of AZFa deletions is good because of the associated infertile phenotype, and a generous estimate of their overall rate is about 4 x 10 -4 per generation (Bosch and Jobling 2003) .
Although the number of AZFa rearrangements so far described at the molecular level (Blanco et al. 2000; Bosch and Jobling 2003; Kamp et al. 2000; Sun et al. 2000) is only fifteen, all have their breakpoints within the blocks of identity (A and B/C), and none in the inter-AD segment. Inter-AD breakpoints may be identified in the future, but it seems likely that conversion predominates greatly over crossover in this hotspot. Though Jeffreys and May (2004) suggest that similar mechanisms may be operating during both interallelic and inter-paralog conversion, direct evidence is currently lacking. Data on inter-paralog conversion come mainly from the occasional detection of variant or pathologically mutated genes in 20 which an altered sequence tract can be shown to have originated in a paralogous gene copy (Collier et al. 1993; Ogasawara et al. 2001; Papadakis and Patrinos 1999) . Rates for such processes cannot be easily deduced, but tract lengths are typically estimated as a few hundred base pairs. Studies of interallelic conversion at the HLA-DPB1 locus in sperm DNA (Zangenberg et al. 1995) reveal parameters in similar ranges to those that we observe: a rate of 2.8-13.3 x 10 -5 per sperm in a 240-bp region, tract lengths between 54 and 132 bp, and a probable conversion to crossover ratio of >20 (Frisse et al. 2001) . In principle, direct access to inter-paralog conversion and recombination events in sperm DNA within the AZFa HERVs is feasible.
Recent studies of the near-complete sequence of the Y euchromatin have shown evidence of high frequency gene conversion between arms of abundant paralogous sequences arranged as giant palindromes (Rozen et al. 2003) . Assuming a steady-state balance between the introduction of new mutations and their homogenization by gene conversion, the observed sequence divergence between palindrome arms was used to calculate a rate of 2.2 x 10 -4 conversions per duplicated base per 20-year generation (equivalent to 2.8 x 10 -4 for a 25-year generation). The prevalence of these palindromes is a peculiarity of the Y chromosome, and these observations may be of limited relevance to the rest of the genome. However, the rates we calculate here are for direct repeats separated by 780 kb, and may be more generally applicable.
For proximal-to-distal conversions, they correspond to between 3.9 x 10 -7 and 1.9 x 10 -6 per base per generation (considering the 622 bp of the inter-AD 21 segment including the outermost PSVs), which, while much lower than the palindrome rate, is still two to three orders of magnitude higher than the base mutation rate (Thomson et al. 2000) . As is the case for the sequences we have studied here, conversions between the palindrome arms are not peculiar to the human species, but occur in other tested primates. Comparisons of human-chimpanzee sequence divergence in palindrome arms with that in non-palindrome regions suggests that gene conversion here is acting as a conservative force (Rozen et al. 2003) , reducing sequence divergence, rather than increasing it as we observe; in principle this could occur through natural selection favoring ancestral states, or through opposing biases in gene conversion and mutation.
In an early study (Dorit et al. 1995 ) a 729-bp intron of the ZFY gene was sequenced in 38 Y chromosomes selected for their population diversity, and therefore probably covering many of the major haplogroups of the Y phylogeny (Jobling and Tyler-Smith 2003) . Famously, this study found no variant sites whatsoever. On a chromosome renowned for its low variability, the presence of nineteen variant sites in 36 copies of the similarly sized distal inter-AD segment, and one of the highest known values of π in the human genome, provide a dramatic illustration of the ability of gene conversion to generate diversity among DNA sequences. Further comparative sequencing of segmental duplications is required to investigate whether the preferential mapping of dbSNP entries to paralogous sequences reflects not only
METHODS
Samples
DNA samples with the prefix 'YCC' are from the Y Chromosome Consortium, and haplogroup information is as described (Y Chromosome Consortium 2002) . Other samples of known haplogroup were gifts from Chris Tyler-Smith and Qasim Mehdi, or from collections of the authors.
HERV amplifications and sequencing analysis
Primers and PCR conditions for the amplification of HERV sequences were as described (Bosch and Jobling 2003) .
The inter-AD region was reamplified from proximal-and distalspecific human and gorilla HERV amplicons using the primers UNIV (5'-TTG TGG AGC CTA TGG TCT CTA T-3') and QL2rev (5'-CTC AGC AGG AAT CTG TCC TAA-3'). Nested PCR conditions were as described (Bosch and Jobling 2003) , except that extension time was reduced to 1 minute and the total cycle number reduced to 20. PCR products were purified from agarose gels and used as templates for sequencing using the same primers.
The UNIV-QL2rev amplification was not possible in chimpanzee HERVs -subsequent sequencing showed several differences in the UNIV primer target sequence. We therefore amplified two overlapping fragments covering the same region from each HERV copy. Primers for the amplification of the first fragment (1873 bp) were SQ3 (5'-ACA CAG TAT GTA GGG AAT 24 GC-3') and Int2 (5'-CTG TTG CCC TGT GCC TCA TA-3') and for the second fragment (1901 bp), SQ4 (5'-TTA ACA CTC ATG CTG CCC TG-3') and SQ1 (5'-CAA AGG AAG CAG AGG AAC CT-3'). Both of these PCR products from each HERV copy were purified from agarose gels and used as template for sequencing with primers SQ3 and SQ4, respectively.
Sequencing reactions were performed using the ABI-PRISM Big Dye terminator chemistry (version 2) according to the manufacturer's recommendations and analyzed on a ABI3100 capillary sequencing apparatus (Applied Biosystems).
All sequences were compared with the database reference sequences, AC002992 (proximal) and AC005820 (distal). These two sequences derive from different Y chromosomes, and therefore do not necessarily lie together on any 'real' Y chromosome. However, five chromosomes analyzed here have the same proximal/distal combination of sequences as the database; the database sequences, as a pair, are therefore valid for use as a reference.
Nucleotide diversity was calculated using DnaSP (Rozas and Rozas 1999 ).
An alternative nomenclature is also used for the blocks of sequence identity within the HERVs: block A in this study is equivalent to block ID1 (Kamp et al. 2000) , and blocks B and C together to block ID2, while block D has no alternative name. Note that the 13-bp deletion within the inter-AD segment is found here in chromosomes belonging to haplogroup J, not 25 haplogroup D2 as previously reported (Blanco et al. 2000) , where the haplogroups were switched in error.
Analysis of gene conversion tract length
After determining the minimum number of gene conversion events using the phylogeny (see text), observed tract lengths were estimated using the method of Betrán et al. (1997) as implemented in DnaSP (Rozas and Rozas 1999) . The method was modified to allow changes at single PSVs (normally discounted) to be considered as gene conversion events. Average true tract length was estimated from observed tract length using a modified maximum likelihood method (Betrán et al. 1997) , which models gene conversion according to a geometric distribution with parameter φ. After initiation of gene conversion, the tract extends (unidirectionally) either to an additional base (with probability φ), or terminates (with probability [1-φ]). The probability that a tract will extend to n bases in length is then (1-φ)φ n-1 and mean tract length is 1/(1-φ).
Phylogenetic analysis and Jukes-Cantor distance
Interspecific phylogenetic networks of proximal-and distal-specific inter-AD HERV sequences were constructed using SplitsTree (Huson 1998) .
Corrected Jukes-Cantor distances between species were calculated in DnaSP (Rozas and Rozas 1999) , and standard deviations estimated as (p[1-p]/N)-1, where p is the proportion of nucleotides with substitutions, and N the length of sequence in base pairs (785 bp).
Recombination motif searches
The inter-AD segment (including variant sequences as shown in Fig. 2) and the adjacent A and D blocks were searched for a number of recombination and replication motifs using the FINDPATTERNS program within GCG. We sought the sequences listed and referenced by Badge et al. (2000) : the E. coli χ sequence, the S. pombe ade6-M26 heptamer, the long terminal repeat element (LTR-IS) motif, the retrotransposon LTR sequence, the XY32 homopurine-pyrimidine H-palindrome motif, the human minisatellite core sequence, two human hypervariable minisatellite sequences, the pur and translin protein binding sites, the human replication origin consensus, the S. cerevisiae and S. pombe ARS consensus sequences, consensus mammalian scaffold attachment regions, and the topoisomerase II binding site. Also sought was the RBP-2N recognition sequence (Dou et al. 1994 ). (Casanova et al. 1985) and defines haplogroup J (12f2.1). The second occurrence (12f2.2) is phylogenetically equivalent to binary markers defining haplogroup D2 (Blanco et al. 2000) . A 29 distal-to-proximal conversion of between 36 and 72 bp is phylogenetically equivalent to the marker P25, defining haplogroup R1b; one example of a chromosome with a proximal-to-distal conversion within this haplogroup is also known (Bosch and Jobling 2003) . Sequences within haplogroup J contain a deletion of 13 bp between PSVs 18 and 19, in both proximal and distal sequences. Case 1, case 2 and YCC26 sequences have been reported previously (Bosch and Jobling 2003) . Sequence positions from 103 to 724 (bottom) give coordinates within the inter-AD segments: the position labeled '103' is equivalent to nucleotide no. 11739 on the plus strand of AC002992 for the proximal HERV, and to nucleotide no. 144340 on the minus strand of AC005820 for the distal HERV. Chen and Li (2001) , calculated from data in Shen et al. (2000) .
27
FIGURE LEGENDS
